We describe an affinity chromatography method to isolate specific RNAs and RNA-protein complexes formed in vivo or in vitro. It exploits the highly selective binding of the coat protein of bacteriophage R17 to a short hairpin in its genomic RNA. RNA containing that hairpin binds to coat protein that has been covalently bound to a solid support. Bound RNA-protein complexes can be eluted with excess Ri 7 recognition sites. Using purified RNA, we demonstrate that binding to immobilized coat protein is highly specific and enables one to separate an RNA of interest from a large excess of other RNAs in a single step. Surprisingly, binding of an RNA containing non-R17 sequences to the support requires two recognition sites in tandem; a single site is insufficient. We determine optimal conditions for purification of specific RNAs by comparing specific binding (retention of RNAs with recognition sites) to non-specific binding (retention of RNAs without recognition sites) over a range of experimental conditions. These results suggest that binding of immobilized coat protein to RNAs containing two sites is cooperative. We illustrate the potential utility of the approach in purifying RNA-protein complexes by demonstrating that a Ui snRNP formed in vivo on an RNA containing tandem recognition sites is selectively retained by the coat protein support.
INTRODUCTION
Complexes of RNA and proteins are critical for diverse aspects of RNA metabolism, including splicing, translational regulation and ribosome assembly. Isolation of specific RNA-protein complexes is an important initial step toward understanding their function.
Affinity purification methods exist for the isolation of RNAprotein complexes formed in vitro (1) (2) (3) (4) . In one such method, RNAs are transcribed in vitro in the presence of a low concentration of biotinylated UTP. These RNAs can then be purified by their affinity for streptavidin attached to agarose beads (2, 3) . In another method, a short RNA (4), or 2'-O-methyl RNA (1) , containing a covalently attached biotin, is hybridized to the RNA of interest. The hybrid, together with any attached proteins or other factors, can then be purified using steptavidin beads (1, 4) .
In this report we describe an alternative affinity purification method that exploits the high affinity of the coat protein of the Escherichia coli bacteriophage R17 for a short (21 nucleotide) hairpin in its genomic RNA (5) (6) (7) . In this method, R17 coat protein is covalently attached to beads. The RNA to be isolated contains the protein's cognate recognition sequence and is therefore selectively retained by the beads. This general method may prove useful in the analysis of a variety of RNA-protein interactions, whether the RNA has been transcribed in vitro or in vivo.
MATERIALS AND METHODS
Preparation of R17 Phage Preparation of R17 coliphage was performed essentially as described, with minor modifications (8, 9) . Escherichia coli strain Q13 (rna-19, his-95, tyrA6, relAl, pnp-13, spoTI, metBl, E. coli Genetic Stock Center strain # 4947) was grown in 2 to 6 liters of LB supplemented with calcium and glucose (1% tryptone-0.5% yeast extract-0.5% NaCl-0.4% glucose-2mM CaCl2-pH 7.5) to an absorbance (600nm) of 0.4 to 0.5 (0.8 to 1.0 x 108 cells per ml). CaCl2 and glucose were added to the media just before use. The cells were then infected with R17 phage at a multiplicity of infection of 3 to 10. Phage, in 1/50 volume of LB, were added to the cells, swirled slowly for 10 min, and incubated an additional 10 min before resuming normal shaking. Cell lysis was detectable 3 hours post-infection and was complete after 5 hours. After lysis, enough chloroform was added to achieve a final concentration of 1 %. Shaking was continued for 15 min. Cellular debris was removed by centrifugation in a Sorvall GSA rotor at 8,000 rpm, at 5°C for 10 min. The concentration of the phage in the supernatant typically was 1012 plaque forming units per ml.
The following protocol indicates the amounts needed to prepare phage from 1 liter of supernatant. 58g NaCl and lOOg polyethylene glycol (PEG 8000) were added to one liter of phage solution. After stirring at 4°C to dissolve the NaCl and PEG, the solution was stored at 4°C for at least 90 min. Precipitated phage were collected by centrifugation at 8,000 rpm at 5°C for 15 tnin in a GSA rotor (Sorvall). The phage pellet was resuspended in 10 ml of 10 mM Tris-HCl, pH 8.0 . Phage were then reprecipitated with 0.58g NaCl and Ig PEG and transferred to 30 ml Corex tubes. To recover phage, the solution was centrifuged at 8,000 rpm at 5°C for 15 min in a SS-34 rotor (Sorvall). The phage pellet was resuspended in 11.0 ml 10 mM Tris-HCl, pH 8.0, plus 6.5 g optical grade CsCl (Bethesda Research Laboratories). Phage were separated from residual cellular debris by buoyant density equilibrium centrifugation at 25,500 rpm at 5°C for 36 to 60 hours, in an SW40Ti rotor (Beckmann). Each SW40Ti tube can contain material from a four liter culture. The opalescent phage band, identified by visual inspection, was collected with a syringe inserted 0.3 cm below the band and dialyzed against 1 L of 10 mM Tris-HCl (pH 8.0) per ml of phage, at 4°C for 3 hours with one buffer change. Phage were then stored at 4°C. The extinction coefficient of a 1 mg per ml solution of purified phage is 8.03 absorbance units at 260 nm (8) . As judged by absorbance, 8 to 13 mg of phage (generally in approximately 1 ml) are recovered from 1 liter of cleared lysate. This value is often considerably higher than that calculated from the number of plaque formining units per ml, presumably due to the presence of defective phage particles.
For large scale preparation of phage (e.g. 30 liters in a fermenter), phage were concentrated from supernatant by PEG precipitation as above. Alternatively, if facilities are available, phage in the supernatant can be concentrated by filtration through a Pellicon Cassette (100,000 molecular weight exclusion filter; Millipore). Phage were then further purified as described above.
Preparation of R17 Coat Protein from Purified Phage Coat protein was prepared essentially as described (9) . To disrupt the phage particle and precipitate the RNA, ten ml glacial acetic acid was mixed with 5 mls of phage at approximately 10 mg per ml (as judged by A260). The mixture was kept on ice for one hour, with vortexing for approximately 30 secs every 10 min. RNA was removed by centrifugation for 15 min at 4°C at 15,600 xg. The supernatant, containing the phage coat protein, was dialyzed against 10 liters of distilled water (1 liter of water per 0.5 ml phage) at 4°C for 3 hours resulting in a final concentration of approximately 20 mM acetic acid. After dialysis, the coat protein solution was centrifuged briefly at 4°C to remove particulate matter. Protein concentration was determined by absorbance (E280 = 1.54x 104M-I (10) ) and a molecular weight of 13,700 g/mole (11) . Typically, from 50 mg (5 ml) of CsClbanded phage, 30 ml of coat protein at 1 to 2 mg per ml was recovered. R17 coat protein was stored at 40, at this acidic pH, because it begins to aggregate above pH 5 with concentrations greater than 10-6M (5 Figure IA . To simplify nomenclature, RNAs are named by the sequences they contain, in a 5' to 3' order. The R17 site is designated R and the SV40 late polyadenylation region is designated S. Thus R/S RNA contains a single R17 recognition site followed by the SV40 sequence, while 2R RNA contains two R17 recognition sites and no adjacent sequence.
Sequence ofR7 recognition sites. The R17 recognition sites used in this report contain a transition mutation in the loop of the hairpin (sequence in Fig. iB) . This mutation (a U to C change) increases the affinity of coat protein for its site, and greatly stabilizes the RNA-coat protein complex (7) . In most experiments, two tandem R17 recognition sites are used. The sequence of the two tandem sites is presented in Fig. IB This generated mp18SVR1. mpl8SVR1 was cut with BamHI and PstI and this SV40-R17 fragment was transferred into pSP65 (an SP6 transcription vector) to create pSVR1. S RNA (-141/+55) was prepared by transcription of DraI cut pSVRI (Fig. 1) . S/R RNA can be prepared by transcription of PstI cut pSVRI.
Single RI 7 recognition site followed by the SV40 late polyadenylation region (R RNA and RIS RNA). pSVR1 was cut with EcoRI and XbaI to remove the SV40 sequences. The ends of the remaining DNA were filled in and the plasmid religated to generate pVB531. SV40 sequences were reinserted after the R17 recognition site by using a PstI-HindIll fragment (-141/+70) from pSPSV-141/+70 and the PstI-HindlII sites of pVB531. This generated pVB532a. R RNA and R/S RNA were prepared by transcription of PstI and DraI cut pVB532a respectively (Fig. 1) .
Tandem RI 7 recognition sites (2R RIVA). The R17 recognition site-containing Xba I fragment from pVB531 was isolated and ligated to itself. The ligated products were separated on a native polyacrylamide gel, isolated, ligated into mpl9 and sequenced. pVB535 is a direct repeat two R17 recognition sites in mpl9.
Tandem RI 7 recognition sites followed by the SV40 late polyadenylation site (2R/S RNA) To generate the appropriate clone, designated pVB536, a three way ligation was performed, involving a HindlI-BamHI fragment (two R17 recognition sites) from pVB535, a BamHI-EcoRI fragment (-141/+ 70 SV40 polyadenylation sequences) from pSPSV-141/+70, and HindLllEcoRI cut pSP64. 2R RNA and 2R/S RNA were prepared by transcription of BamHI and DraI cut pVB536 respectively (Fig. 1 ).
Tandem RI 7 recognition sites at position +27 of the human U] snRNA (2R/UJ RNA). A tandem R17 recognition site flanked by BamHI sites was generated by insertion of a BamHI linker at the Hindml site 5' of the R17 recognition sites in pVB536. This tandem R17 recognition site BamHI fragment was transferred into BclI-cut ND101, generating pVB544a. ND101 contains the human Ul gene (13, 14) . The BclI site into which the tandem R17 sequences were inserted, is at +27 relative to the transcription start at + 1 (13, 14) Upon injection into frog oocytes, pVB544a directs the synthesis of a Ul snRNA containing two R17 sites inserted at position +27. Transcription in vitro RNAs were prepared by run-off transcription using SP6 polymerase (15) (16, 17) . Oocyte extract (0.5 ml), prepared in Buffer D as described above, was adjusted to 15 mM MgCl2 by the addition of 1 M MgCl2. Solid CsCl (Optical Grade, Bethesda Research Labs) was then added to a final density of 1.6 g/ml. 0.5 ml Buffer D containing 0.5 mM DTT, 15mM MgCl2 and CsCl to a density of 1.3 g/ml was underlayed with 0.5 ml of this extract and centrifuged in a TLA-100.2 rotor (Beckmann) at 100,000rpm for 4 hours at 4°C. The gradient was fractionated, from the top, into 100yd fractions.
The density of each fraction was determined by weighing 50 td samples. Fractions were dialyzed into Buffer D containing 15 mM MgCl2. 20 1I samples were extracted with phenol/chloroform (1/1) and analyzed by electrophoresis through a 6% polyacrylamide gel. 10 In striking contrast, two sites are necessary for efficient retention of RNAs that contain non-R17 sequences. This is demonstrated by comparing the RNAs that contain the sequence spanning the polyadenylation site of SV40 late mRNAs. SV40 RNA with just a single R17 recognition site binds very poorly, but an identical RNA with two recognition sites binds efficiently.
These data (Fig. 3) lead to two conclusions. First, the presence of non-R17 sequences interferes with binding to a single recognition site. The inhibitory effect of adjacent RNA sequences is not specific for the SV40 sequence, as it is observed with sequences derived from a procaryotic vector (Fig.3) , and with sequences derived from U I snRNA (data not shown). The second conclusion is that the inhibitory effect of additional sequences is relieved by inserting a second R17 recognition site next to the first. An RNA of this type, bearing two tandem sites, is retained with an efficiency nearly that of a single site in isolation.
Based on recent studies of coat protein binding in solution (18) , we suspect that the stimulation of binding by the presence of a second site reflects cooperative binding of coat protein (see Discussion). Whatever the explanation, the data in Fig. 3 establish an important technical point: For retention of 'long' RNAs by immobilized coat protein, two recognition sites are better than one. For this reason, in all subsequent experiments, we used RNAs containing two adjacent sites.
RNA Transcribed In Vivo Binds Coat Protein
To determine whether RNA transcribed in vivo would bind to coat protein beads, even in the presence of a vast excess of cellular RNA, we performed the following experiment. We constructed a DNA containing two R17 sites inserted into the human U1 (Fig. 5A, black symbols) . At that same time, less than 2% of the RNA lacking the sites was bound (Fig. 5A , open symbols). These data corroborate those in Fig. 3 The data are re-plotted to indicate, on the the y-axis, the percentage of the input RNA that bound to the beads.
Volume of binding (Fig. 5E ) An advantage of affinity purification is the ability to isolate a specific molecule from even a relatively large volume using a tractably small quantity of beads. We therefore tested the extent of specific binding in increasing volumes of incubation, keeping the amounts of RNA and beads constant (Fig. 5E ). Increasing the volume to 10 times that of the beads (1lO,u of beads in 1001d total volume) had little effect on specific binding, but reduced nonspecific binding significantly (Fig. 5E, left panel) . As a result, the ratio of specific to non-specific binding was increased by increasing the volume (Fig. 5E, right RNA (Fig. 6B) , as does 0.1% SDS (not shown). Obviously these eluting agents are likely to dissociate any RNA-protein complexes and so disrupt biological activity. Nonetheless, they may be useful for the detection of a specific molecule for which a probe is already available.
Isolation of UlsnRNP Xenopus Oocytes
To determine whether RNA-protein complexes formed in vivo could be isolated using the affinity technique, oocytes were injected with a plasmid carrying the 2R/U1 snRNA gene and alpha 32P GTP. In the oocyte, this gene directs the synthesis of human Ul snRNA containing two R17 recognition sites near its 5' end (see Fig. 4 ), which is assembled into into a snRNP. 19 hours after injection, oocytes were homogenized. The crude homogenate, without further purification, was incubated with coat protein beads. RNA was prepared from the material that bound to the matrix, and from the material that had flowed through the column. These RNAs were then analyzed by electrophoresis (Fig.  7A ). Approximately 25% of the total 2R/U1 present in the homogenate was retained by the matrix. All other labeled RNAs were not retained, even though they were present in considerable excess.
To distinguish whether the RNA that had bound to the beads did so as a snRNP or as 'naked' RNA, free of any associated proteins, we examined the binding of partially purified snRNP particles. In the presence of Mg++, snRNPs are stable at high ionic strength and so can be separated from free RNA by CsClI/MgCl2 equilibrium centrifugation (16, 17) . A crude homogenate of oocytes that had been injected with the 2R/U1 gene and [32p] GTP was fractionated in this manner. A portion of each fraction of the CsCl/MgCl2 gradient was deproteinized and the RNA analyzed by electrophoresis. Figure 7B shows the profile of oocyte RNAs present in the CsCl density gradient. RNA not associated with protein pellets to the bottom of the centrifuge tube while snRNPs equilibrate at characteristic densities (17) . 2R/U1 snRNP is the major labeled snRNP found in these extracts. After dialysis to remove the CsCl, fractions 7 and 9 ( Fig. 7A) were incubated with coat protein beads. Fraction 7 contains snRNP particles (buoyant density 1.44) while fraction 9 contains RNAs with few proteins bound (buoyant density 1.52). In both fractions, the 2R/U1 snRNA species was retained while other RNAs were not (Fig. 7C) (Fig. 3, and data not shown) . Similar 
